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–shell bottlebrush polymers that
exhibit crystallization-driven self-assembly†

Victor Lotocki,a Alicia M. Battaglia,a Nahye Moon,a Hatem M. Titi b

and Dwight S. Seferos *ac

Bottlebrush polymers are complex architectures with densely grafted polymer side chains along polymeric

backbones. The dense and conformationally extended chains in bottlebrush polymers give rise to unique

properties, including low chain entanglement, low critical aggregation concentrations, and elastomeric

properties in the bulk phase. Conjugated polymers have garnered attention as lightweight, processible, and

flexible semi-conducting materials. They are promising candidates in electronic devices and sensors, but

their optoelectronic properties depend on adequate polymer ordering, p–p interactions, and

crystallization. Crystallization-driven self-assembly of conjugated polymers has become a prominent

method to optimize properties including band energies, redox potentials, and exciton diffusion and

transport. Much progress has been made in controlled block copolymer self-assembly, but despite their

promising properties, reports of conjugated bottlebrushes have been limited, and their self-assembly is

relatively unexplored. For the first time, we report the synthesis of conjugated core–shell bottlebrush

polymers. These materials contain poly(3-hexylthiophene) (P3HT) and poly(ethylene glycol) (PEG) in either

core or shell position. We demonstrate that the use of P3HT as a crystallizable conjugated polymer and

PEG as a colloidally stabilizing and disaggregating block facilitates their self-assembly into a number of

unique crystalline morphologies with longer conjugation lengths and lower exciton bandwidths relative to

analogous diblock copolymers. These include intramolecularly self-assembled segregated bottlebrush

polymers, short nanofibers formed by end-on-end stacking of bottlebrush molecules, extremely long >20

mm nanofibers formed exclusively by end-on-end stacking, and >15 mm nanoribbons formed from both

end-on-end and side-by-side stacking of bottlebrush polymers.
Introduction

Conjugated polymers have attracted attention due to their
potential as light-weight, processable, and low cost semi-
conducting materials and their applications in organic elec-
tronic devices, sensors, and biomedical imaging.1–4 Such
applications, however, require the optimization of properties
including band energies, redox potentials, and exciton diffusion
and transport that can be enhanced through self-assembly.
Crystallization-driven self-assembly (CDSA) is an exothermic
process that promotes the p-stacking of conjugated polymers
through non-covalent interactions, and the resulting nano-
structures exhibit inter- and intrachain p orbital overlap that
improves parameters such as charge transport and exciton
oronto, 80 St. George Street, Toronto,

.seferos@utoronto.ca

sity, 801 Sherbrooke St. W., Montreal,

pplied Chemistry, University of Toronto,

E5, Canada

tion (ESI) available: See DOI:
diffusion.4–6 This is particularly important, given that most
amorphous materials show exciton diffusion over 5–10 nm,7

and that long-range transport can be promoted within well-
ordered nanostructures through transient delocalization.8–10

Much progress has beenmade in the CDSA of block copolymers,
including the development of nanobers with all-conjugated
blocks, controllable lengths of poly(3-hexylhiophene) (P3HT)-
based assemblies reaching 5 mm, and the development of
length and width-tunable conjugated nanobers with low dis-
persities through “living” CDSA.11–18 However, the self-assembly
of conjugated polymers with complex architectures remains
underexplored.

Bottlebrushes are a class of polymers with densely graed
polymeric side chains that extend from a linear polymeric
backbone. Their high side chain density leads to low chain
entanglement. As a result, the bottlebrush topology leads to
elastomeric properties in the bulk phase, enabling applications
as rheological modiers, elastomers, or elastomeric
coatings.19–23 Extended side chain conformations accompanied
by low chain entanglements cause bottlebrush polymers to
adopt rigid structures with high persistence lengths and cause
molecular segregation, which generally precludes self-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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assembly.23,24 However, bottlebrush interactions can be
promoted by copolymerization or functionalization.25,26 Very
recently, bottlebrush polymers have led to self-assembled
structures including hexagonal platelets, needles, curved rod-
like micelles and closed rings through hydrogen bonding
interactions.27 They have also been applied to photonic mate-
rials through their self-assembly into porous microspheres and
due to their tendency to adopt lamellar structures in blends that
enable nanopatterning.22,28–30

The synthesis of bottlebrush polymers typically proceeds
through one of three methodologies: graing-to, graing-from,
or graing-through synthesis. Graing-from and graing-to
syntheses are practical and convenient, as they consist of poly-
merizing from initiating functional groups or directly graing
polymers onto linear backbones, respectively. However, these
syntheses result in incomplete graing, limiting bottlebrush
properties and performance.31,32 Graing-through synthesis
involves polymerizing macromonomers, thus affording high
graing densities. These are typically carried out by ring-opening
metathesis polymerization (ROMP) due to its fast polymerization
rate and quantitative monomer consumption. However, degrees
Fig. 1 (A) Previous synthesis of P3HT bottlebrushes using a grafting-throu
(B) This work reports the grafting-through synthesis of P3HT-b-PEG core
position, and their intramolecular self-assembly and intermolecular s
Cartoon nanostructures: black = polynorbornene, red = P3HT, blue = P

© 2025 The Author(s). Published by the Royal Society of Chemistry
of polymerization can be limited due to entropic factors arising
from the use of large macromonomers.33–36

Bottlebrush polymers with conjugated polymer side chains
strongly aggregate in a disordered manner due to p–p interac-
tions, limiting their performance.37,38 Efforts to manage this
aggregation have come in two forms. The Kilbey group synthe-
sized bottlebrush statistical copolymers and block copolymers,
containing P3HT and amorphous poly(D,L-lactide) (PLA), that
organize into short exible nanobers.39 Our group has previ-
ously demonstrated that, upon thermal annealing, bottlebrush
polymers containing P3HT side chains disaggregate and self-
assemble in an end-to-end manner.40 P3HT is oen used as
a model conjugated polymer due to its processability, mid-
range bandgap, and controlled synthesis.41–44 Recently, the
synthesis of core–shell bottlebrush copolymers and their
assembly into structures including nanobowls, nanowires, and
nanotubes has been reported, while, to our knowledge no such
polymers have been developed with conjugated blocks.45–47

Herein, we report the synthesis and self-assembly of conju-
gated core–shell bottlebrush polymers, featuring P3HT and
poly(ethylene glycol) (PEG) at either the core or the shell
ghmethodology, and their end-on-end self-assembly into nanofibers.
–shell bottlebrush polymers, with P3HT and PEG in either core or shell
elf-assembly into end-on-end and side-by-side stacked nanofibers.
EG.

Chem. Sci., 2025, 16, 920–932 | 921
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position. P3HT is a crystallizable conjugated block, while PEG is
a colloidally stabilizing block. Notably, PEG exhibits suppressed
crystallization in densely graed brush polymers.48,49 The self-
assembly of the P3HT-b-PEG core–shell bottlebrush (CSBB)
and PEG-b-P3HT inverse core–shell bottlebrush (ICSBB) poly-
mers in binary solvent systems of chloroform/methanol,
chloroform/heptane, and benzonitrile/heptane was studied
through UV-visible (UV-vis) spectroscopy, grazing incidence
wide-angle X-ray scattering (GIWAXS), and transmission elec-
tron microscopy (TEM). Variation of both core and shell poly-
mer block positions as well as solvent system resulted in an
unprecedented array of morphologies including intramolecu-
larly self-assembled individual CSBB molecules, short nano-
bers formed by the end-on-end assembly of CSBB or ICSBB
polymers with lengths averaging 50 to 100 nm, long >20 mm
nanobers formed exclusively by linear end-on-end assembly of
Scheme 1 (A) Synthesis of Ni(THP)(dppe)Br by the lithiation, Grignard syn
polymerization and ethynyl end-capping to form THP-P3HT-C^CH.
deprotection of THP-P3HT-C^CH to form HO–P3HT-b-PEG. (C) Synthe
carboxylic acid with HO-P3HT-b-PEG. (D) Synthesis of HO-PEG-b-P3HT
initiated by o-tolyl Ni(dppe)Br and end-capped by ethynyl MgBr. (E) Synth
carboxylic acid with HO-PEG-b-P3HT.

922 | Chem. Sci., 2025, 16, 920–932
CSBB molecules, and >15 mm nanoribbons formed by both end-
on-end assembly of ICSBB molecules as well as side-by-side
stacking (Fig. 1).
Results and discussion
Core–shell bottlebrush synthesis

The synthesis of a core–shell bottlebrush polymer with P3HT
and PEG as its core and shell blocks, respectively, necessitates
the preparation of P3HT with heterobifunctional end groups
amenable to coupling with both PEG and a polymerizable small
molecule, namely, norbornene. To this end, we have prepared
a novel functional Ni(II) external initiator for Kumada catalyst
transfer polycondensation (KCTP) bearing a tetrahydropyran
(THP) pendant that can be deprotected post-polymerization to
reveal a reactive hydroxyl group for further reactions. THP was
thesis, and Ni(II) transmetalation, followed by its initiation of thiophene
(B) Successive mPEG-N3 “click” coupling and acid-catalyzed THP-
sis of Nor-P3HT-b-PEG by the Steglich esterification of 5-norbornene
by “click” coupling HO-PEG-N3 with P3HT-C^CH prepared by KCTP

esis of Nor-PEG-b-P3HT by the Steglich esterification of 5-norbornene

© 2025 The Author(s). Published by the Royal Society of Chemistry
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selected as a robust protecting group that could withstandmany
conditions, most relevantly lithiation and Grignard reactions.50

First, the primary alcohol on (4-bromo-3-methylphenyl)
methanol was protected with 3,4-dihydropyran. The bromine
atom on the THP-protected product was then subjected to
sequential lithiation, Grignard formation, and transmetalation
with Ni(dppe)Cl2 to form a THP-protected external initiator for
KCTP (Scheme 1A). 31P NMR revealed the formation of both
bromine- and chlorine-Ni(THP)(dppe)X adducts (X = Br, Cl)
with Ni(THP)(dppe)Br as the major product, consistent with
previous Ni external initiator observations (Fig. S1A†).51–53

MALDI-TOF shows two peaks with m/z values consistent with
NiBr elimination and rearrangement aer ionization and
oxidation (Fig. S1B†),51,53,54 further verifying the identity of the
external initiator.

P3HTwas synthesized using Ni(THP)(dppe)Br in a typical KCTP
procedure with a monomer : initiator ratio = 22 : 1 (Scheme 1A).
KCTP was terminated by adding ethynyl magnesium bromide, to
form the alkyne-terminated P3HT.55 1H NMR analysis of the
polymer revealed the presence of expected end groups. The alkyne
proton is present at 3.56 ppm, while the resonances corresponding
to the initiating end are present at 4.81 ppm (O–CH2–Ar), 4.52 ppm
(O–CH2–CH2), and 2.53 ppm (CH3–Ar), with methylene splitting
resulting from the THP chiral center (Fig. S13†). The synthesized
THP-P3HT-C^CH was calculated to have a degree of polymeriza-
tion of eighteen, corresponding to the targetedmolecular weight of
approximately 3200, whereas GPC analysis resulted in aMn of 3900
(Fig. S2†). This discrepancy between NMR and GPC-derived
molecular weight is expected for rod-like conjugated polymers,
and GPC results are known to be up to 1.2 times higher than those
from NMR.56

THP-P3HT-C^CH was coupled to mPEG-N3 with a molec-
ular weight of 1000 in a copper-catalyzed alkyne–azide cyclo-
addition (CuAAC) click reaction, and aer product isolation,
this reaction was followed by THP deprotection with HCl to
formHO–P3HT-b-PEG (Scheme 1B). GPC revealed a shi to aMn

of 5000 (Fig. S2†), conrming the successful click reaction. The
obtained diblock copolymer also exhibited the expected singlet
at 7.85 ppm by 1H NMR, indicating the newly formed triazole
group. Deprotection was conrmed by analyzing the methylene
singlet at 4.74 ppm, that was no longer split by the THP group.
HO-P3HT-b-PEG was then end-functionalized with 5-norbor-
nene carboxylic acid in a Steglich esterication (Scheme 1C).
Complete conversion was conrmed by the replacement of the
singlet mentioned above at 4.74 ppm with a downeld singlet at
5.16 ppm, indicating the formation of an ester bond. Addi-
tionally, the appearance of a multiplet at 6.15 ppm suggests the
presence of unsaturated norbornene end group protons
(Fig. 2A).

The Nor-P3HT-b-PEG macromonomer was polymerized by
ROMP using a Grubbs III catalyst (monomer : initiator ratio =

50 : 1) to yield the nal core–shell bottlebrush polymer
(Scheme 2A). The unsaturated norbornene resonances at
6.15 ppm are completely consumed, suggesting a successful
reaction (Fig. 2C). GPC revealed a much lower retention time
than the macromonomer which corresponds to a Mn of 81 600,
conrming successful CSBB synthesis (Fig. 2E). This Mn
© 2025 The Author(s). Published by the Royal Society of Chemistry
corresponds to 16–20 repeating units along the bottlebrush
backbone, when considering molecular weights derived by GPC
or NMR.

A more conventional synthetic pathway was taken to prepare
the inverse core–shell bottlebrush polymer. HO-PEG-N3 was
linked to P3HT-C^CH in a CuAAC click reaction (Scheme 1D).
Then, the product was coupled with norbornene-5-carboxylic
acid in a Steglich esterication to yield the Nor-PEG-b-P3HT
macromonomer (Scheme 1E). An examination of the 1H NMR
spectrum shows that the click reaction was successful due to the
appearance of the triazole proton at 7.85 ppm in addition to all
relevant PEG and P3HT peaks. The unsaturated norbornene
region can be seen by the resonances centered at 6.15 ppm
(Fig. 2B). GPC revealed a Mn of 4,800, consistent with the
coupling of P3HT with PEG. This macromonomer was poly-
merized using a Grubbs III catalyst to yield the PEG-b-P3HT
ICSBB (monomer : initiator ratio = 50 : 1) (Scheme 2B). The
obtained ICSBB exhibited all relevant PEG and P3HT reso-
nances by 1H NMR, which appear to have slightly broadened, as
well as the complete consumption of the unsaturated norbor-
nene resonances at 6.15 ppm (Fig. 2D). GPC indicantes a shi to
a much lower retention time than the macromonomer, corre-
sponding to a Mn of 70 100 (Fig. 2F).
Core–shell bottlebrush photophysical properties

Upon the successful synthesis of the P3HT-b-PEG CSBB and
PEG-b-P3HT ICSBB, solvent-induced self-assembly experiments
were carried out and monitored by UV-vis spectroscopy. Both
polymers, in addition to a HO-P3HT-b-PEG diblock copolymer,
which was used as a control, were dissolved in chloroform or
benzonitrile, and self-assembly was induced by adding 0–90% v/
v poor solvent. Benzonitrile and chloroform are both good
solvents for PEG. They have similar Hansen solubility param-
eter (HSP) values of 17.2 and 19.0 MPa1/2, respectively, yet the
higher polarity component for benzonitrile than in chloroform
(9.0 vs. 3.1 MPa1/2), leads it to be a marginal solvent for P3HT,
while chloroform remains a good solvent for it.11,57,58 Methanol
and heptane were chosen as crystallization-inducing poor
solvents.

Typically, large HSP differences between methanol and
P3HT induce precipitation in the latter alongside uncontrolled
aggregation.51,59 PEG blocks in P3HT copolymers have been
shown to confer colloidal stability while promoting P3HT p-
stacking.17,57,60 Contrarily, short alkane solvents, such as
heptane or hexane, act as poor solvents for PEG and marginal
solvents for P3HT, as they can solvate the hexyl side chains and
solubilize smaller MW P3HT. Combined with the narrow
surface energy difference between these solvents and chloro-
form, chloroform/heptane mixtures are expected to result in
controlled crystallization and long nanober growth, whereas
benzonitrile/heptane polarity difference and pre-nucleation by
benzonitrile would result in a larger population of smaller
nanostructures.57,59,61

In our initial experiments, self-assembly of polymers in
chloroform was induced by methanol. It was visually apparent
from the solutions that the core–shell bottlebrush underwent
Chem. Sci., 2025, 16, 920–932 | 923
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Fig. 2 1H NMR characterization of (A) Nor-P3HT-b-PEG, (B) Nor-PEG-b-P3HT, (C) P3HT-b-PEG CSBB, and (D) PEG-b-P3HT ICSBB. GPC
characterization of (E) Nor-P3HT-b-PEG (Mn = 5,400, Đ = 1.11) and P3HT-b-PEG CSBB (Mn = 84 600, Đ = 1.21) and (F) Nor-PEG-b-P3HT (Mn =

4,800, Đ = 1.11) and PEG-b-P3HT ICSBB (Mn = 70 100, Đ = 1.12).

924 | Chem. Sci., 2025, 16, 920–932 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Ring opening metathesis polymerization of (A) Nor-P3HT-b-PEG and (B) Nor-PEG-b-P3HT using a Grubbs III catalyst to form P3HT-
b-PEG CSBB and PEG-b-P3HT ICSBB, respectively.

Fig. 3 UV-visible absorption spectra for the self-assembly of the P3HT-b-PEG diblock copolymer in (A) chloroform/methanol, (B) chloroform/
heptane, and (C) benzonitrile/heptane, absorption spectra for P3HT-b-PEG CSBB self-assembly in (D) chloroform/methanol, (E) chloroform/
heptane, and (F) benzonitrile/heptane, Absorption spectra for PEG-b-P3HT ICSBB self-assembly in (G) chloroform/methanol, (H) chloroform/
heptane, and (I) benzonitrile/heptane, All spectra are normalized except for (G) in which the sample precipitates.

© 2025 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2025, 16, 920–932 | 925

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 9
:2

6:
23

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc06868h


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 9
:2

6:
23

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a much more signicant bathochromic shi relative to the
diblock copolymer due to its deeper red/purple colour, while
retaining colloidal stability at all solvent ratios. On the other
hand, the diblock copolymer showed signs of precipitation at
>60% MeOH (Fig. S3†). In pure chloroform, both diblock and
CSBB were fully solvated, and had similar lmax values of 442 and
444 nm, respectively (Fig. 3A and D). Notably, the transition of
both polymers into their self-assembled states occurred at
roughly 50% methanol for the diblock copolymer and 38%
methanol for the CSBB (Fig. 4A).

This self-assembly can be explained by the densely graed
PEG-b-P3HT chains in close proximity within the bottlebrush
architecture, causing the P3HT blocks to aggregate readily.
More signicantly, the extended side chain conformation
afforded by the bottlebrush architecture promotes a much
deeper bathochromic shi, and therefore a narrower bandgap,62

relative to the diblock copolymer, despite bearing the same
P3HT and PEG blocks. The much longer P3HT conjugation
length in the CSBB is reected by a lmax of 515 nm in the self-
assembled state, a 50 nm increase relative to the self-
assembled diblock copolymer which exhibits a lmax of 465 nm.

The difference in photophysical properties imposed by poly-
mer architecture can also be seen in the vibronic structure for the
self-assembled polymers. Vibronic shoulders at 603 and 543 nm
were assigned as the A0−0 and A0−1 transitions, respectively,
which correspond to thiophene p-stacking, while the ratio of
Fig. 4 Plots of UV-visible spectroscopy derived lmax values for polymer
chloroform solutions, or (C) heptane in benzonitrile solutions. Plots of A0−
solutions, (E) heptane in chloroform solutions, or (F) heptane in benzonit
P3HT-b-PEG diblock copolymer, red = PEG-b-P3HT ICSBB.

926 | Chem. Sci., 2025, 16, 920–932
these shoulders reveals the extent of inter- or intrachain exciton
coupling.59,63,64 The A0−0/A0−1 ratio for the P3HT-b-PEG CSBB and
the diblock copolymer reach similar values of approximately
0.43, indicating H-type aggregation and predominant interchain
exciton coupling in both samples (Fig. 4D),58,65 while the lower
A0−0 and A0−1 intensities in the diblock copolymer imply a lesser
overall degree of p-stacking, which is reasonable considering its
aggregation-induced colloidal instability. It is also interesting to
note that whereas the CSBB has a sharp increase in its vibronic
shoulders with the addition of methanol, the diblock copolymer
has a smoother transition to plateau that reects individual
unimer-to-aggregate addition in this system (Fig. S4†).
Conversely, the ICSBB does not benet from colloidal stability in
the chloroform/methanol solvent system due to bearing PEG in
the core position, and it precipitates upon the addition of
methanol, reected in the noise and scattering seen in its
absorbance spectra (Fig. 3G), and highlighting the importance of
polymer block position.

Aggregation experiments were carried out by the addition of
heptane, a poor solvent for PEG and a marginal solvent for
P3HT, to polymer solutions in chloroform and yielded different
results than those for the chloroform/methanol binary blend.
First, the onset of aggregation was delayed to 77% poor solvent
addition for both the CSBB and ICSBB due to the larger P3HT
block relative to PEG (Fig. 4B), while no signicant self-
assembly was observed for the analogous diblock copolymer
s as a function of (A) methanol in chloroform solutions, (B) heptane in

0/A0−1 values for polymers as a function of (D) methanol in chloroform
rile solutions as a volume percent. Black = P3HT-b-PEG CSBB, blue =

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 3B). Upon full self-assembly, the CSBB achieved a lmax of
513 nm, similar to the chloroform/methanol system, while the
ICSBB exhibited a bathochromic shi to 472 nm. This inter-
mediate performance can be ascribed to the less conforma-
tionally extended P3HT chains due to their positions at PEG
chain ends. It should also be noted that, while the ICSBB
precipitated with methanol addition, heptane addition colloi-
dally stabilizes the system due the P3HT shell position. Upon
heptane-induced self-assembly, the CSBB reached a A0−0/A0−1

value of 0.66, while that of the ICSBB is 0.43, indicating H-type
aggregation for both bottlebrush polymers. On the other hand,
the CSBB does not precipitate, but it is meta-stable, with
apparent precipitates forming aer 24–48 hours. While the two
core–shell bottlebrush polymers signicantly improved their
photophysical properties upon heptane-induced self-assembly,
no change in lmax and only minimal vibronic structure was
observed for the P3HT-b-PEG diblock copolymer.

In benzonitrile/heptane binary blends, both of which are
marginal solvents for P3HT, a bathochromic shi to 491 nm
was observed for the P3HT-b-PEG CSBB and 475 nm for the PEG-
b-P3HT ICSBB and diblock copolymer (Fig. 4C). While still
signicant, the relatively minor bathochromic shi observed for
the CSBB may be attributed to the partial solvation of both
benzonitrile and heptane components. However, this was
accompanied by larger vibronic shoulders, indicating more
prominent p-stacking and crystallinity, especially for the CSBB
(Fig. 3C, F and I). This agrees with GIWAXS-derived azimuthal
angles, where both bottlebrush polymers drop cast from
benzonitrile/heptane exhibit the lowest FWHM, corresponding
to highest crystallinity among the solvent systems (Fig. S6†).
The benzonitrile/heptane binary blend again yielded H-
aggregates with A0−0/A0−1 values of 0.73, 0.51, and 0.67 for the
CSBB, ICSBB, and DB, respectively, indicating higher J-type
character and therefore more intrachain exciton coupling rela-
tive to the other systems. Notably this result is most prominent
in the CSBB in which P3HT chains are shielded by PEG blocks in
the bottlebrush shell position and least prominent in the ICSBB
in which P3HT and PEG blocks are in opposite positions.

Overall, all polymers undergo H-type aggregation in each
binary solvent system, wherein the heptane systems confer
slightly more J-type character, and thus intrachain exciton
coupling. Notably, the free exciton bandwidth, which decreases
with higher conjugation lengths and improved intrachain order,66

is lowest for the CSBB and highest for the ICSBB in all solvent
systems (Fig. S5†). This agrees with the observed bathochromic
shi trends in which the CSBB exhibits the most pronounced
shis across every solvent system (Fig. 4A–C), indicating the long
conjugation lengths and enhanced ordering promoted by the
bottlebrush architecture. Increased intrachain order is likely
a consequence of both P3HT occupying the core position, which
promotes chain extension, and PEG in the shell position, which
confers colloidal stability and prevents random aggregation.
Core–shell bottlebrush self-assembly

Polynorbornene is expected to have a contour length of 0.53–
0.81 nm per repeating unit,40 giving an approximate expected
© 2025 The Author(s). Published by the Royal Society of Chemistry
length of 10.6–16.2 nm for the P3HT-b-PEG CSBB with 20 nor-
bornene repeating units. Bottlebrush polymers with 3 kDa
P3HT side chains are reported to have widths of 13–14 nm.40 As
a result, these CSBBs are expected to have approximately 1 : 1
dimensions and thus be square shaped by TEM, as the PEG
block does not confer any contrast in electron microscopy.
Interestingly, when self-assembled with the addition of meth-
anol, P3HT-b-PEG CSBB samples were observed as individual
bottlebrush polymers by TEM. An analysis of P3HT-b-PEG CSBB
molecules by TEM reveals a length of 18 ± 4 nm, and a width of
13± 3 nm, which agrees with the expected dimensions of single
bottlebrush molecules (Fig. 5A and D). This implies that self-
assembly induced by methanol is an entirely intramolecular
process between adjacent polythiophene chains on individual
CSBBs, which results in well-ordered lamellar and p-stacking,
as evidenced by drop cast GIWAXS samples (Fig. S6A†).67,68 This
is only made possible by the disaggregating PEG blocks in the
bottlebrush shell position. These intramolecularly self-
assembled single bottlebrushes exhibit long P3HT conjuga-
tion lengths and strong interchain exciton coupling due to their
unique architecture (Fig. 4A and D).

When self-assembly is induced in CSBB solutions in chlo-
roform by heptane, a poor solvent for PEG in the bottlebrush
shell position, well-ordered and long >20 mm nanobers were
formed with widths of 17 ± 3 nm (Fig. 5C, G and S7†). Notably,
the nanober widths are consistent with the theoretical and
measured values for single bottlebrushes obtained by
methanol-induced self-assembly, indicating that the nanobers
are approximately 1 CSBB molecule wide while being >1000
CSBB molecules long. The positioning of PEG within these
bottlebrushes is a likely reason for the prevention of random
aggregation and side-by-side stacking. By GIWAXS, P3HT within
these nanostructures exhibit a similar overall degree of lamellar
and p-stacking compared to the chloroform/methanol self-
assemblies (Fig. S6A†). Nanobers formed by chloroform/
heptane self-assembly are meta-stable, being stable for about
24–48 hours on the benchtop before visible precipitate forma-
tion. This can also be deduced from the scattering observed in
their absorbance spectra (Fig. 3E). In addition to the poorly
solvated shell segment, their lengths may be a contributing
factor to this intermediate stability.

Benzonitrile has been shown to induce the crystallization of
P3HT into nanober-like micelles, particularly aer heating
and slow cooling cycles, which can promote processes such as
living CDSA and dopant-induced self-assembly.11,58 In the case
of our CSBBs, dissolution in pure benzonitrile results in
a darker red solution relative to chloroform, which was revealed
to occur due to a bathochromic shi by UV-vis spectroscopy
(Fig. 3F), whereas TEM only showed single CSBB molecules,
suggesting a similar internal self-assembly process as with the
chloroform/methanol system. Unlike methanol and heptane,
benzonitrile can colloidally stabilize the CSBB system without
chloroform solutions. However, further self-assembly of CSBB
polymers in benzonitrile induced by the addition of heptane
resulted in nanober formation (Fig. 5B), similar to the
chloroform/heptane system, albeit with signicantly shorter
lengths of 79 ± 35 nm and widths of 11 ± 2 nm (Fig. 5E and F).
Chem. Sci., 2025, 16, 920–932 | 927
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Fig. 5 TEM images of P3HT-b-PEG CSBB self-assemblies in (A) chloroform/methanol, (B) benzonitrile/heptane, and (C) chloroform/heptane.
Histograms with (D) chloroform/methanol self-assembly nanoparticle sizes, (E) benzonitrile/heptane self-assembly lengths and (F) widths, and
(G) chloroform/heptane self-assembly widths. TEM images of PEG-b-P3HT ICSBB self-assemblies in (H) chloroform/methanol, (I) benzonitrile/
heptane, and (J) chloroform/heptane (with lacey carbon structure in background). Histograms with (K) chloroform/methanol self-assembly
nanoparticle sizes, (L) benzonitrile/heptane self-assembly lengths and (M) widths, and (N) chloroform/heptane self-assembly widths. TEM images
were analyzed using ImageJ and >50 measurements were made for each histogram.
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These lengths correspond to 4–6 bottlebrushes per nanober,
on average. Approximately 4% of the structures within the
measured population are consistent with single molecules.

The longest nanober measured was 186 nm long, corre-
sponding to 10–14 CSBB molecules stacked end-on-end. The
shorter lengths of these nanobers may be attributed to poor
solvent mixing on the molecular level due to the disparate HSP
space, particularly the polarity component dp, which is 0 and 9.0
for heptane and benzonitrile, respectively.57 Additionally, P3HT
core nucleation is induced in the pure benzonitrile system prior
to the addition of heptane, which may also prohibit long
nanober growth. This may lead to a high overall degree of
crystallinity within these nanobers, as determined from
azimuthal angle analysis of the (200) peak in GIWAXS
(Fig. S6B†), but ordering along the p-stacking direction is also
less well-dened, compared to CSBB self-assembly in the other
two solvent systems (Fig. S6A†). As with the chloroform/
methanol system, these nanobers are completely colloidally
stable, with no signs of precipitation observed, possibly due to
the shorter length of these nanobers compared to the ones
formed in the chloroform/heptane system.

Adding methanol to PEG-b-P3HT ICSBB solutions in chlo-
roform causes immediate precipitation, as was also seen by the
immense scattering and noise in their absorbance spectra
(Fig. 3G). This is a result of shell position P3HT in the ICSBB,
which is very poorly solvated by methanol. By TEM, they are
shown to collapse into aggregates with no dened structure due
to this poor solvation (Fig. 5H and K). However, when self-
assembly is induced by the addition of heptane to ICSBB in
chloroform, colloidal stability is retained, and long ribbon-like
nanobers are observed by TEM (Fig. 5J and S8†). Unlike P3HT-
b-PEG CSBB, where P3HT is internal and shielded by the PEG
shell block, the ICSBB features P3HT in the shell position, and
individual bottlebrushes can therefore stack both end-on-end
and side-by-side upon self-assembly, thus promoting
nanoribbon-like morphologies.

These nanoribbons feature very long >15 mm lengths and
have widths of 98 ± 51 nm (Fig. 5J, N and S8†). The narrowest
structure in the measured population is about 28 nm wide,
corresponding to approximately 2 ICSBB widths, while the
widest is 270 nm across, corresponding to 15–20 ICSBB mole-
cules stacked side-by-side (Fig. S8†). As with the previous
bottlebrush polymer, self-assembly in a benzonitrile/heptane
solvent system resulted in signicantly shorter nanobers
with average lengths and widths of 59 ± 22 nm and 11 ± 1 nm,
respectively (Fig. 5I, L and M). The inhibition of longer growth,
again, may be a result of both poor molecular mixing of ben-
zonitrile and heptane due to their disparate polarities and the
premature nucleation of P3HT in pure benzonitrile before the
initiation of further self-assembly with heptane. Notably, this
also results in a lack of side-by-side stacking as observed for the
ICSBB self-assemblies in chloroform/heptane. Similar to the
CSBB samples, ICSBBs drop cast from benzonitrile/heptane
were the most crystalline among the solvent systems
(Fig. S6D†), and they also featured the most prominent third
order (300) lamellar stacking and (010) p-stacking peaks
between all bottlebrush systems (Fig. S6C†).
© 2025 The Author(s). Published by the Royal Society of Chemistry
Conclusions

Overall, this work demonstrates the synthesis, photophysical
properties, and unique self-assembly behaviour of conjugated
bottlebrush polymers and their controlled synthesis with two
different core–shell topologies. The synthesis of the P3HT-b-
PEG CSBB was achieved by preparing a novel THP pendant-
bearing external initiator for KCTP, and following the poly-
merization, using techniques including CuAAC click chemistry,
Steglich esterication, and ROMP. The PEG-b-P3HT ICSBB was
synthesized using similar techniques to link P3HT-C^CH and
norbornene carboxylic to heterobifunctional HO-PEG-N3, fol-
lowed by ROMP. A broad range of unique morphologies were
attained by self-assembly that we ascribe to the core–shell
bottlebrush architecture. We found that P3HT blocks within
CSBB polymers can be self-assembled intramolecularly in
chloroform/methanol due to the presence of a disaggregating
and colloidally stabilizing PEG block in the shell position. The
extended conformations of core-position P3HT chains in these
polymers led to signicantly larger bathochromic shis, longer
conjugation lengths, and lower exciton bandwidths upon self-
assembly compared to both the ICSBB as well as the P3HT-b-
PEG diblock copolymer control. Self-assembly of CSBBs in
chloroform/heptane resulted in end-on-end assembly of excep-
tionally long >20 mm nanobers with similar bathochromic
shis and lower exciton bandwidths.

Long one-dimensional structures were also observed for the
ICSBB in chloroform/heptane, albeit with additional side-by-
stack stacking on the order of a few bottlebrush molecules
resulting from the intermolecular interactions of P3HT in the
bottlebrush shell position. Short CSBB and ICSBB nanobers
were obtained using benzonitrile/heptane, albeit with lower
exciton bandwidths than other solvent systems, indicating
better intrachain order. These were also shown to be the most
crystalline by GIWAXS. To the best of our knowledge, this work
represents the self-assembly of nonlinear conjugated polymers
into previously unreported structures, and it demonstrates the
morphological control that can be attained because of binary
solvent system choice and topological variation in bottlebrush
polymers. We believe that the self-assembly and photophysical
properties of these bottlebrush polymers make them promising
candidates for applications involving doping and energy
transfer, and we plan to investigate this in future work.
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